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AIRFOIL SECTION CHARACTERISTICS AS APPLIED TO THE PREDICYHON OF AIR
FORCES AND THEIR DISTRIBUTION ON WINGS

By EASmmNN. JAOOBSand R. V. RHODE

SUMMARY

The reew.h of previowereport~ dealing with airfoil 8ec-
iion charactem”aticeand span load distribti”on data are
coordinated into a methodjor determining the air forcee
and their distribution on airplane wings. Formuks are
gioen jrorn which the resdant jorce distribution may be
combinedto$rd the wing aerodynamiccenter and pitching
moment. % force distribution may also be rMolced to
determinethe dietribwtionof chord and beam components.
Thejorces are resolvedin such a manner that ii ie unneca+
saiy to take & induced drag into account.

An illustration of the methodis gicen for a monoplane
and a bipfune jor th conditions of steady $ighi and a
diurp-edge gud. T&force determinationis compkted by
&lining a procedurefor jinding the distribution of load
along the chord oj a~m”l .sectiona.

INTRODUCTION

This report originated in a request of the Bureau of
Ah Commerce, Department of Commerce, for a coor-
dinated qystem of applying airfoil section data to the
determination of wing forces and their distribution.

The system presented herein yields, vzkhin the limi-
tations of our present knowkdge of aerodynamics, a
genera.I solution of the resdtant wing forces and mo-
ments and their distribution. For the sake of complete-
ness and facility in use, the report contains a tatde of the
important section paramet era for many commonly used
sections and alI other necessary data required ta solve
the most practicaI design probIeros ooming within the
scope of the system.

AIthough the usefulness of the system extends inta
sewmd phases of aiqdane design, its application to
structural design is illustrated by following through a
wing loading condition cmmsponding to that specified
in reference 1.

Two basic principIw underlie the system empIoyed.
First, a force coefficient is treated as the independent
variable, thus eliminating, as far as possible, the angle
of attack; and second, the forces are derived throughout
in hrms of certain basic parameters of the airfoil sec-
tion, which are tabulated for each airfoil section. The
method foIIowed then bniIds up the forces progr~vely
from simple combinations of certain basic forces and
simple formulas imrolring the basic airfoil section pa-

rameters. b the forma are thus built up, they me re-
solved into any convenient components. This method
ako has another importmt advantage in that the in-
duced drag, which is retiy ody a component of the IocaI
Mat each section, may be entirely eliminated from the
SnaIysk.

h some problems it is desirable to know the Iocation
of the aerodynamic cater of the wing and the pit&ing-
moment coticient about this center in order to con-
struct the bakmce diagram of the complete airpIane.
Methoda are therefore given for determining these two
properties. For probIems in which the aerodpamic
center and the pitching moment are not required, a direct
sdutiou of the forcm and force distribution can be
made.

BASIC CONSIDERATIONS

The forces on a wing may be considered to be func-
tions of the characteristics of the airfoil sections and of
the spanwise distribution of lift. At a given seotion
Iift cmflicient, the remdtant air force and moment on
the section me, aoccrding ta wing theory, assumed to be
independent of alI geometric properties of the wing
except the section shape; moreover, the forces and
moments acting on any individual section may be
considered to be independent of adjacent sections or of
other characteristics of the wing, except as they tiect
the lift distribution and thus the local lift coeftioient
at that section.

The problem is thus divided into two parts: First,
the determina tion of the spanwise lift distribution;
and, second, the determination of the ocrre+cmding
forces and moments at each section and the summation
of these quantities to obtain the corresponding forces
and moments for the entire wing. The spanwise lift
distribution is obtained in terms of values of the local
section lift oodicient c% for a number of sections dis-
tributed aIong the span. The subscript zero is used to
distinguish this section lift coeflioient, perpendicular to
the Iocal relative wind at the seotion, from the lift
cotioient cl perpendicular to the re~ative wind at a
great distance from the wing. The Iower~ase Iettera
used for th=e coefficients have been chosen to dis-
tinguish the Iift coefficient for a section (cI=dL/qdy)
from the usual Iift coefficient for the wing, CG
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In order to permit easy reference, tie symbols used
in the text, the figures, and the tables are grouped in
appendix C.

For many purposez, it is convenient to exprew the
air forces in terms of components along two axes fixed
with respect to the airplane rather than as the usual
components, lift and drag. This resolution is con-
veniently accomplished from the Ch values, when the
profile drag and other fundamental characteristics of
the airfoil section are taken into account, by means of
simple formuhs involving parametms given for each
airfoil section in a table of airfoiI characteristics. This
method has an important advantage in that the induced
drag, which is redly only a component of the c10 at
each section, is entirely eliminated from the analysis.

For th6 purpose of de@rmining the lift distribution
corresponding to the CIOvalues along the span, the lift
load aIong the span is considered as being made up of
two independent parts that will be referred to as the
“basic M distribution” and the “additional lift dis-
tribution.” The basic lift distribution is represented
by the c~ distribution along the span when the total
wing lift ia zero. This basic lift distribution, which is
the distribution arising by virtue of aerodynamic twist,
may be considered to exist unaltered as the Iift and angle
of attack are changed. The additional lift distribution,
as the name impIies, represents the distribution of addi-
tional Iift associated with changing the angle of attack.
Wing theory indicates that, as long aa the airfoil sec-
tions of the wing are working within a range of normal
lift-curve slope, the form of the additional lift distribu-
tion is the same at all lift coefficients and is independent
of wing twist, of aileron or flap displacements, and of
other characteristics that aflect only the basic lift dis-
tribution. Experiment shows_ that this deduction is
approximately correct for wings with weI1-rounded
tips. For such wings, the additional lift distribution ia
given as a function of the plan form and aspect ratio
in terms of the additional lift coefEcients cl~l, that is,

the section additional lift coefficierh for a wing lift
coefficient of 1. The lift distribution for any wing is
then found in terms of the wing lift coefficient CL, the
basic lift coefficient C,a, and the additional lift coeffi-
cient c~01

clO=cla+CL c~l (1)

GENERAL PROCEDURE

MONOPLANE

It is advisable first to choose a backward fore-and-aft
reference axis z usuaIIy parallel to the reference axti, or
thrust line, of the airplane and an upward 2 axis per-
pendicular to it. (S6e fig. 1.) Upward and backward
air forces and distances are thus considered positive.
Air-force components along these axes are then ex-
pressed at each section of the wing by

dA’=cz q c dy (2)

and dz=C’ g C dy (3)
where X and Z are the components of air load along the
axes, and c= and C. are determined from c% and tho

known characteristics md attitude of each airfoil sec-
tion. The pitching moment- about the origin cent rib-
uted by each section is

dhl=cma, eaq c2dy+cz q C zdg–c, qcxdy (4)

where x and z are distances measured from the origin
to the aerodynamic center of the airfoil section (see
table I and appendix B) and the signs of the terms aro
so takeu that stalling moments me positive.
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Thus far the origin has been arbitrarily chosen. If,
with this arbitrarily chosen origin, the coordinates z=.~.
and z..,. of the aerodynamic center of Lhe entire wing
(fig. 1) are found, the origin of coordinates may then
be moved to this point and from equation (4) there
may be determined a value of M..Jg tlmt lMLSsensibly
the same value for all flight conditions.

Aerodynamic center and additional lift distribution,—
For the purpose of finding the aerodynamic center of
the wing, it is necessary to consider only the additional
distribution. In fact, the aerodynamic cmt,w of the
wing may be considered as the centroid of all the addi-
tional loads. For wings with Iinoar taper and roumicd
tips, valuea of L., giving the load distribution for (?L= 1,
may be found from table II for various sections along
the span. The values of La were derived as outlined in
reference 2. The corresponding valua of c lC1for various
sections along the span are found from the relation

clel=~s. The mrrea~onding values of c~Oat each
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section are calculated using the method indicated in
figure 2 or, if the profWdrag polar curve for the section
is avaiIable, they may be read from it-. Then

Czal=cdo COS&=-CI=l Sh 6s=
and

C*I=c ~1 Cos O.=+C%sin e%

in which e.a=c~+ ah—i; q, the section

slope, and a~ the a.q$e of attack of zero Iift,

(5)

(6)

lift-curve

are given
@ table I; fid i is the incidence of the chord at each
section with respect to the x axis.

;c~- CI .#ljfa - -%;

FIGTXE Z.-ok fortb &kdL3tiOII Ofth WOi%-dW *knt c%at
any m CoefackltC*

The next step is to plot C=clc,C,=lc,C=CICZ,and —CwCX

against y and ta fair curves through the plotted points.
Twice the area under each curve from ‘y=O to y=?i/2
is then, respectively: XJq, Z.4L MXd/q, Mz.lh The

coordinates of the aerodynamic center of the wing are
then found

(7)

(8)
.3. al

Pitching moment about the wing aerodynamic cen-
ter.—The additional load distribution for CL= 1 and
the position of the aerodpwnic center are now know-n.
The next step is the determination of the basic load&-
t ribution (that corresponding to CL=O) and from it the
basic pitch~g moment or the aerodynamic pitching

moment of the wing about the aerodymmic center.
The basic distribution for wings with linear twist may
be obtained from table III in terms of the Ioad pa-
rameter Lb for a number of sections fdong the span.
The method of deriving the Lb values is gi-ren in refer-
ence 2. When t-he wing has partial-span flaps, the
basic digtrib~tion may be obtained from reference 3.

FolIowing the syst- that was previoudy used, Crb
values corresponding to the basic Iift distribution are

a$found for each section from crb=zb~, corrwponding

cdOvalueg determined, and c.~ and C.bcalculated from the

formukls
cz~=cdOCOS 6Zb— C[b Sb 8,b (9)

cz~=cla cos eza+c% ah ezh (lo)

c la
where 8,~=— + ah—i-

a.
Likewise are plotted curves of C,acz’ and —C.bCX’,

where z’ and x’ are the new coordinates of the section
aerodynamic center from the aerodynamic center of
the wing. The areas are then determined. k addi-
tion, another curve formed by plotting c~=-c.~ is drawn

and the area determined. Twice these mess then give,
respectively, (~Mx~g)=-C-, (MzJg)=.~<, ~d M,/q. The

desired wing pitching moment about the aerod~amic
center k found from

7=(%9=...+(%’)=,.+?’11’
-ill=.

Lift distribution and totaI lift.-When the totid wing
lift or nornd-force coefEcien@ are knomc or specified
by design conditions, the force distribution may be
found immediately in terms of Cb valuea along the

span from

c~=cib+cLcI&

For wings having well-rounded tips, the Iift distribution
my thus be found in terms of tie c~a~d CZdvalues

previously determined. This method will give a good
approxhation of the actual lift distribution in such
cases. When, for any reason, the tip loads are of
critical importance, that is, if the wing is tapered lesa
than 2: L and has a tip bhmter than semicircuhw, the
lift distribution should be determined ficcmding to the
method gken in appendix A or reference 4. If the
wing plan form departs from a straight taper, the lift
distribution should be determined from suihble theo-
retical methods (referent= 2 and 3). IiL any e-rent,
the loada are represented by the c% distribution and

may then be resolved to give chord and beam compo-
nents and momenb.

k genera], the wing fift coefhoient CL’ for thO steady-
fl.ight condition preceding an accelerated-flight co&ii-
tion wilI be fit determined. Mter the tail load and,
finally, the wing lift L are determined from the baIance
diagram for the steady-flight condition, the co=pond-
ing wing lift coefficient is found

(12)
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The wing lift coeftlcient CL for an accelerated-flight
condition may then be determined. For example, it
may be that the acceleration is produced by a sharp-
edge gust, and the wing lift cmf%cient is determined
by the simplified formula

c&=cL’+m; (13)

where CL’ has just been found, U/V is the ratio of the
gust velocity to the tight velocity, and m is the slope
of the wing lift curve, which may be determined from
the values of% or me, tabulated for the airfoiI sections,
by employing the method indicated Mer in figure 12.

The required lift distribution is then found in terms
of the value of c~ at ench section from

c~=h~+cLcZ=l (14)

From these vahms of the lift coefficient at each section,
the required coeflioients representing the components
of the air load may be computed and the total load
components then determined as before by measuring
the areas under curves representing c, g e and CSq c.
Some question exists, however, in regard to the values
of c~Othat should be used in the computation of c= and
c, for the accelerated-flight condition.

Conditions and forces encountered instantaneously in
accelerated-flight conditions after a suddenly changed

In an accelerated-flight condition theangle cf attack.—
CL VShM calculated frOm (13) and he c% valueS from
(14) may exceed the maximum lift coefficients. Such
conditions are possible on entering a sharp-edge gust or
in abrupt maneuvers owing to the considerable time
required to accumulate the increased volume of re-
duced-energy air associated with the increased bound-
ary-hbyer thickness or separated flow that will finfdly
prevail at the increased angle of attack. Lift values
should be based on.the lift-curve slope extended without
regard to the usual burbIing. Such lift values are ob-
tained simply by following the outlined procedure.
The c% values, however, deserve special consideration.
The increasing profik-drag coefficients at- the higher
Iift coefficients are likewise associated with a thickening
boundary layer or n separating flow that- WN not occur
at once -when the angle of attack is suddenly increased.

The profile-drag coefficient for these transient cmdi-
tions for a given lift, whether or not the lift exceeds the
value given by wind-tunnel tests as the maximum, is
undoubtedly less than the profile drag determined in
the wind tunnel under steady conditions. The true
value, however, is unknown and, in fact, a series of
values increasing with time y-ill exist. It may there-
fore be expedient in some cases to determine the force
components on the wing by assuming that c~Oretain its

initial steady-flight value throughout the subsequent
relative pitching motion of the wing. On the other
hand, if it is desired to investigate the higher values that

the profile drag will later assume, c% may bo found in
the usual way from the wind-tumel data urdess c% is
greater than Cl_, in which case some value of c% may
be assumed, The value C%=O.l is suggested.

The distribution of the resolved components and
moments and the total wing components.—Vrdues of
c% and Ch for the sections along the span having now
been established, the distribution of the air-form com-
ponents, given by values of c, and c,, may be found from

CZ=Cq cos I!?#-ch sin 6X (15)

c~=ch COS@~+CqSiU& (10)
where

e.= ~o+~,o—i

The tmaional moment contributed by each section
about its aerodynamic center is simply

dbf,~.,. =%=.C. q cs dy (17)

For some problems, components and moments with
respect to axes in the wing may be desired rat.hcr than
the components given by c. and c. with respect to the
airplane. For example, ‘(chord-truss” and “beam”
components may be desired at each section, Tlmso
components repremnted by c. and cfimay be obtained
from a slight modification of (15) and (16).

Cc=c%(l +tan 60 tan $) cos 0, (18)

—cb(l—cot f?~tan 4) sin @c

c~=c~(l ‘tan 8* tan ~) cos 6* (19)

+C4(1 +cot 19*tan ~) sin @b
where

tj)++,

and i, is the incidence of the section chord with respect
to the chord-truss direction (plane of t.h drag truss)
and ‘iais the incidence of the section chord with respect
to the perpendictiar ta the beam direction (the per-
pendicular to the spar web). The distribution of the
chord and beam components C and B may then h
calculated from

dC=c, q Cdy (20)

dB=c~ q Cdy (21)

Torsional moments contributed by tho sections about
some axes in the wing other than the axes of tho aero-
dynamic centers of the sections as, for e--ample, tho
wing torsional axis, may be desired in some instances.
The moment about the tmsional axis M= is found from

dhl,=cm=.e. q C’dy+c, g C z, dy+C, q CX, dy (22)
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where % is the distance of the torsional axis below the
chord plane &rough the aerodynamic cmter and zr
is the distance of the torsional axis behind the beam
plane through the aerod~amic center of the airfoil
section.

The tokd form and moments may then be found
from the components or, more conveniently for Z and
M&., hm the summations previously made:

z=zb+c=L’
!l!7!l

and MJq is a value obtained from (11). h order to
find X/q, however, the c. components should be summed.

Permissible approximations .-For the practical ap-
phation of this method, certain approzimationa will
often be justMable. The approximations that will be
found convenient and usuaIIy justifiable are made by
assuming that

C!ose,= 1
and

C&sin 13*=0

The magnitude, but not the direotion, of CL and a~
may then be taken as the same; the folIovi@ quantities
are ako equrd in magcitude but not in direction:

ch, CR,CZ

BIPLANE

The present unsatisfactory status of biplane theory
and the hinge number of variables in the biplane shape
or arrangement combine ta prevent a completely ra-
tiona~ solution of biplane problems by either theoretictd
or empirical methods. It is possible, however, to
oompute the forces and moments on “conventional”
biplane wings by semiempirical methods that give fairly
satisfactory resuk

In general, the biplane calculations follow the prin-
ciples and procedure previously outlined for the rnono-
phtne, the main extensions therefrom lying in the de-
termination of the lift distribution between the wings
and the determination of the biplane tiect on the mo-
menta of the individmd wings. The lift distribution
between the wings is found according to the method
developed by Diehl in references 5 and 6; the biplane
effect on the moments of the individual wings is found
according h a procedure outlined later in this report.
AIthough a biphine has no aerodynamic center, a locus
of points about which the pitching-moment coefficient
of the celhde remains constant can be found. This
locus is analogous to the aerodynamic center of the
monoplane but Iaolm its practical utiIity. hTeverthe-
le.ss, since it leads to a better understanding of biphme
phenomena, the locus of points of comtant pitching
moment wiH tirst be discussed.

Locus of points of constant pitching moment.—Ac-
cording to Diehl’s solution of the M distribution be-
tween the wings, the lift coeffioientg of the indivichd

wings plotted as functions of the biplane cutioient are
straight lines that interseot at some vahe of the biplane
Lift which is, in general, not equal to zero. A typical

.—

L. ‘t‘A ZLa SL I
&/”

Fnxmx &—Form dhgrrm Kmdekmhationof; and;.

case is shown in figure 3. These individual wing Lifts
may be considered to have their pointa of application at
the aerodynamic centers of the individual wings, be-
cause, w wiIl be indicated later, the monopkme V&e of
the aerod~smic center of either wing is not Meoted by
the opposite wing; only the basic moment is afleoted.

Plow, if it be assumed that the biplane M rehttiona
are equally applicable to the Z components,l it is clear
that the location of the center of the Z components may
be oomidered fixed in the direction of z, the ratio of the
ohangein Z force on the upper wing to the &mge on the
lower wing being constant. Reference to figure 4
shows that the z location of the Iocus of constant mo-
ment can be found from the reIation

1T1.tieassnmptianb pxfedly validh M case,sincethesIfghterrorfnvolvedis
wfthhtheerrorof the eemfempIrfcaImethodofdekmhfngtheM Custrfbnt!on.
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in which K2 is DieM’s bipkme lift function, as indicated
in figure 3.

TM&e the ratio of the Z forces, the ratio of the~ X
components is not independent of the bipkme lift be-
cause of the uodinear relation between profle drag and
lift in combination with the inequality in lift on the
upper and lower wings and because of &e trigonometric
relation between the lift and its A’ component~ -- The
point about which the pitching moment remains con-
stant therefore moves in the z direction with changm in
Hft or in X force ratio. Thus, according to figure 4, at
any value of the biplane Iift for which the X components
may be determined

X.G
‘==

A graphjc ihs~atiog of the behavior of= k“ given
in figure 5, whioh shows values crdctited for the bi-

b 80
c.,
k I
L
w /

$60

$ \

~

~m I

h

~
~
c 20
:
L

\
/

IN
o
-./ o .2

.4 ‘% “6 .8 ‘-0

FIGUM 5.—Variationd i withbiplanelfftcaef.llcfent.

plane selectecl for the illustrative example given later
in the report. At the higher v@es of the lift coefficient,
the points of constant moment are C1OMto the upper
wing. In this condition both upper and lower X
components act forward, the upper component being
the larger. At a lift coefficient of about 0.33, ~ is
indeterminate becausa the upper and lower X compo-
nents are equaI in magnitude but oppositte in direction.
In this condition the resultant force is in the z direction
and the X components form a pure couple. At the
lower lift coefficients both X components act rea~vard
and are of nearly equal m~mtitude so that-~ is approxi-
mately half the gap,

It can be seen from the forego@” discussion that, the
biplane has no useful counterpart of the monoplane
aerodynamic center. For this reason, biphine problems
are best solved by proceeding directly to a solution of
the forces and moments.

Lift coefficients of individual wings,-The fit step
in the biplane solution is to determine the lift coefficients
of the individual wings as functions of the lift coefficient
of the cellul e. As previously indicated, this step may

be performed according to the method developed by
Diehl in references 6 and & Y7hen this method is
used, however, it is recommended that, in cases involv-
ing large negative stagger, values of A’mbe Mermincd
from a curve faired through the experinlental points of
figure 13 of reference 5, rather than from tho linmr
relation between Km and s/c (equation (150), reference
5).

Distribution of fcrce components,— Tho wing lifts
corresponding to any biplane lift having been found, the
force distribution on the individual wings is determined
in the same manner as for monoplanes. This proccduro
neglects the effect of interaction of tho individual
wings and leads to some error, which is probab!y smrtll
in practical cases.

Pitching moment of biplane cellule,—Tho pitching
moment of the whole cellulo about any nrbitrnrily
seIected Y axis is found in the same mmmer as for the
monoplane from a summation of the moments duc to
the Z and X components of force and to the section
characteristics. To this total moment a correction,
constant throughout the lift range, may be applied to
staggered arrangements to obt sin a more accumto
remit. --

The correction is based on tho fact, indicitted by
available test data, that the couple created by tlm lift
forces on the individual wings of a staggered biplttnc
with no decalage at zero cellule lift is exactly bnlanccd by
predominating increments of moment on tlm individunl
wings plus a secondary couple duo to the biplane effect
cm the drags of the individual wings. Tho moment
correction, therefore, constitutes simply a subtraction
of the couple created by the Kl forces duo to t.lfickness-
gap ratio, stagger, and overhrmg from h to t.e1 momcn t
M previously found. Thus

itf’yy=Z~f– (K,O+K,l+KU) & Sq

where KIO, Kll, and K13 are Diohl’s lift functious for
thickness-gap ratio, stagger, and overhung and s is the
stagger measured between t.ho aerodynamic centers of
the individual wings.

The function Ku, whioh is due to dcmlage, is not
included in the correction.

Pitching moments of individual wings,-As prcvious]y
mentioned, the couple due tQ tho K1 forces, if decahga
is neglected, is sxactIy balanced by prcdominn fing op-
posite moments on the individual wings and a kss im-
portant couple due to biplane effect on the drags. This
drag moment is small compared with the .KI couple and
therefore negligible, since the .KI couph itself is smrdl,
The KI couple may therefore bo considered ta be en-
tirely balanced by increments of moment on the indi-
vidual WiIlgS. ?S0 information mists, however, m to
the distribution of these moment increments bctwccu
the upper and lower wings; a consideration of this prob-
lem led to the conclusion that a rensonablc assumption
would be to divide the bnhmcing couplo equnlly bctwwen
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the wings. This assumption leads to vexy low incre-
ments of pitching-moment coefkient on the individusd
wings; in several cases that have been ezamined the
vaks were vdl below 0.01. In tiew of such low values
and the uncertainties in regard to the distribution, it is
believed advisable to neglect these increments in ccm-
puting the pitching moments of the individual wings.

Another biplane effect on the individual wing mo-
ments, however, should be taken into account. Its
physical cause is not known at present, but it is probably
due to the profile drag of the wings, which results in a
pressure gradient from the leading to the tmiling edge
between the wings and to the curvature in the stream-
lines at each wing induced by the opposite wing. An
amunination of test data obtained both in flight and in
wind tunnels showed that this biplane effect on the
wing moments is, for all practical purposes, a linear
function of the thickness~ap ratio given by the relation

These increments, for the data awiilable, do not notice-
ably contribute to the resultant biplane moment; the
total increment of moment on the upper wing must
therefore be approximately equal and opposite to that
on the lower wing.

In order to effect the practical application of these
increments to the wings, it is assumed: (1) That the
increment is distributed along the entire span of the
shorter wing but only along that portion of the span of
the longer wing that lies within the projected span of
the shorter wing; and (2) that the increment of pitching-
moment co&cient is distributed uniformIy along the
span of each wing betwem the limits of the pitching-
mome.nt distribution. On the basis of assumption (I),
the value of AC% ~

(6)
is found for the upper wing from

the foregoing reIation using the average value of t/Q
based on the lower wing for the portion of the
affected. Then

~g’xcu’

‘“’(k).‘-k%). ‘“ ‘7
where &’ is the mea of the portion of the upper

involved.

span

*

&’, the area of the portion of the lower wing in-
volved.

CU’,average chord of the portion of the upper
wing involved.

cL’l average chord of the ~rtion of the lower
wing invoIved.

LOAD DISTRIBUTION OVER AIRFOIL SECTION

The sohd.ion of the generaI problem has been com-
plet~d except that the distribution of the air forces
along the chord at each section has not been determined,

the net section Iift, drag, and pitching-moment coefE-
cients having been employed heretofore rather than the
distributed air loads at each section. Although the
clistriiution of the air load around the airfoil section
may not always be required, this distribution wiII be
considered in order to make the amdysis complete.

General procedure .—The previous analysis gives the
section Iift coetlkient CIO,the method of finding the
normal- and chord-force coeilicienti & and c., and the
pitching-moment coefT&nt C==*C- at each section cor-
responding to any given loading condition of the com-
plete airpkme with which the designer is concerned.
The corresponding distribution of the air load over the
section will be given in terms of the normal-force co-
efficient by giving the distribution of the normal-pres-
sure coefficient P along the chord of the section. Of
course, this distribution gives no chord force but the
chord force is lmowm and maybe considered as applied
at the aerodynamic center. Its distribution will not
be considered, the chord force being small and dis-
tributed over ordy a smaII distance equal to the wing
thickness. AIthough the moment contributed by this
distribution cannot be entirely negkcted, the normal-
force distribution wilI be sli@tIy modified, more or less
mbitrarily, so that it wil give exactly the correct pitch-
ing moment about the aerodynamic center.

Determination of normal-pressure coefficients.-i!.s
previously stated, the distribution of the air load along
the chord is found by dekmining the normaI-pr-ure
coei%cient F’, that is, the ratio of the pressure difference
that may be considered as acting at any point aIong the
chord to the dynamic pressure g. The distribution is
defined by the values of I’ at a number of points along
the chord. As with the span load distributions, it is
convenient to consider the distribution as made up of
two independent parts, one the distribution for zero
normal force P. and the other an additional distribu-
tion giving all the normal force. The total normal-
pressure coticient at each point is then

P= PO+C*P. (23)

The value of F’=is found from

Pa= P=l+xyP=... (24)

where vabs of Pd and P.... rue given by cum-= and
tables for typical airfoils in figure 6. The designation
of the airfoil class in this respect corresponds to a letter
given for with section in the PD cahrmn of table I.
Values of XJC are also found from table I by dividing
by 100 the x coordinate of the aerodynamic center.
A single table of the Pe.c. distribution, which is taken
as the same for W airfods, is given in figure 6.

The vaIue of P. is found from the so-called “basic
Wribution,” thus

p~=pb–cn,p. (~5)

-,, ..
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The basic distribution P* and the basic normal-force
coefEcient Cnaare, in turn, found as the sum of two parts
due raspeetively to moment and camber, thus

P*= – cm=.e.P~m+:Pb, (26)

and

G*=—c%.,.(cJbm+;(c& (27)

Values of Pbmand the corresponding values of (cJbnare
given in figure 7, as well as values of Pbe and (cJti for
airfoik of olasses as indicated in the airfoil table by the
number following the letter in the PD column. For
example, the number 10 indicates that Pam is olam 1
and P. is class O. The zero signifies that Ph and (Cn)a,
are both zero. The values of c%.,. and the section
camber ZJC are both found from table I, ZJC being
found by dividing the mean camber as given, in percent
of the chord, by 100,

When the actual calculation for any given airfoil
section is made, values of POand Pa should be calculated
and tabdated for the skmdard stations along the chord.
For any section nornd-force cdlicient c,, the cmm.s-
ponding values of P are then found simply from (23)
by multiplying the valu~ of P’ by & and adding to ~G.
The actual pressure difference acting at each point in
pounds per square foot is, of course, obtained by muM-
plying by the dynamic pressure in consistent units.

z,
Pb--c..P,m+m+;P,,

crib-e=.Z.(CJ,m+$’ (cd,.

Fmwm 7,-PIe5umdWfbutlon-Ii-bsic.

Finally, consider brieily how the air pressures are
divided between the upper and the lower surfaocs.
Pressure-distribution diagrams, given ekewhcre, indi-
cate the pressure on the upper and on the lower surfaca
as measured from the static pressure as a refcrenco.
The designer, however, is not primarily concerned with
these presm.res but with the pressure clifferencu across
the wing coveringwhich, of course, produce the air load
on it. These pressure difhrenccs am a function of the
internal pressure, that is, the pressure within tho wing.
If the wing is well vented, the internal pressure and tha
upper and lower covering loads may be estimated. For
this purpose the lower-surface pressure distribution is
estimated, remembering that the positive pressure can-
not exceed by lq the static prassure, and tho upper-
surface distribution determined from the known valuca
of the d&rential-pressure coeilicient ~. If greater
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accuracy is required, the method of reference 7 or the
results of reference 8 may be employed to cak.date the
preesure distribution on the lower surface.

SAMPLE CALCULATION

lKOXOPLAKE

In order to make this exampIe as general as possible,
a case is chosen for which the design condition repre-
smting a 30-foo&per-second gust encountered at high
speed causes the lift coefficient to exceed the usual
maximum lift c-ceflkient for the airfoil. The example
does not, howewer, deal specifically with the procedure
ta be followed in cases for which portions of the wing
are repIaced by the fuselage or nacelIes. The treat-
ment, nevertheless, is -actly the same in such cam if
the standard N. A. ~. A. wing area, including those ~r-
tions of the wing imagined as inside the fuselage or
naoehs, is used for & The soIution is thus found by
considering those portions of the wing h be actually
present and undisturbed, the wing b&g imagined as
extending continuously over those portions of the span.
The calculated Ioade for these imagin~ portions of the
wings may later be apphd to the fuselage and nacelles.
In extreme cases a special treatment may be required.
A wing of the IJ. & A. 35 type is chosen so that some
aerodpamic twist will be present in spite of the fact
that the wing is not twisted with reference to the air-
foil chords. The drag truss, for generality, is taken at
an angle ta the phme of the airfoil chords. The
andyais is begun from the airphme drawing in figure 1
and from the folhming data on the airplane and wing:

Weight--------------------------------------- 1,000 lb.
power ----------------------------------------- 35 hp.
Propelkm efficimcy ----------------------------- 75 percent.
High sped ----------------------------------- 95.3 f. p. S.
Wing kcidenm -------------------------------- 4°.
W@: U.S. A. 85 type, ssped ratio 5, rounded tips,

area 180 sq. ft.,root chord 8.268 ft., taper ratio

0.5, no gsometrh twist, beam direction perpen-

dicular to cho~ &rig truss (chord direation) in-

ched upward at the Ieading edge with respect to
the chord 4° at root to 2° at tip, airfoil motion at
root U. S. A. 35-A, at tip U. S. A. 85-B.

Calculation of wing aerodynamic center.—The fit
step in the procedure is to choose the referauce axes.
The axes are chosen, for generality, originating at the
center of gravity with one& parallel to the thrust line
although, in this instance, some simplification might
have resulted from choosing an axis in the direction of
an airfoil chord because this direction is the same
along the wing (no geomdric twist) and perpendicukir
to the beam direction. Table IV is then fllkd in to
give the necessary data for computing the aercd~amic
center of the wing. The various cohnnns leading fit
to the calculation of the additional-load curves for
CL= 1 and My to the position of the wing aerody-
namic center are fll.led in as folIows:

Column I.-stations along the span chosen arbi-
trrdy or to agree with those in table II. These sta-
tions are indicated on the airpkme drawing (@. 1).

Column g.—Values of ~= from additiomd-load table
(table II) for aspect ratio 5, taper ratio 0.5.

Column 3.—VahIes of c from the airplane drawing.
Column ~.—Values of c%, from the muUipIication of

(2) by ~/Cb.
CWunm t7.-VaIues of a. from airfoil oharacteristica

(table I) interpolating between U.S.A. 35-A and ~.S.A.
35-B sections for intermediate sections of wing.

(?Mmn 6.—Values of c,=,/aOfrom (4) and (5).
&lumn ‘7.-Vslues of CYkby the same method as (5).
Column 8.—VSLMMof –i, the incidence of the wing

chords with r~pect to the z axis with reversed sign, from
airplane drawing.

Column 9.—VaIues of c~O. The profhclrag coefE-
cients are calculated for each section as indicated in
table IV-A. The thickness ratio of each section t/c is
obtained from the airpkme drawing. Minimum pro-
file-drag cd&ients c~Omf,are obtained from a curve of

profiledrtg ccefEcient against section thiclmew, paral-
Ming the typical curve given in refarence 9 (fig. 91) but
passing through the values indicated in table I for the
U.S.A. 3*A and U. S. A. 35-B sections. Valum of Clm:

and Cb are obtained from table I. From the vaIues

in the preceding cchunns, the ratio w is mm-
G%W-c %pt

puted. From this ratio and the curve of @ure 2, the
Ac%values are obtained, which are added to the values

~ti to give the desired CWof cd

Column lU.—VaIuee of 9%. From the addition of

(6), (7), and (8), where O.=is
( )

~+ab–i . (See equa-

tiOIIS (5) and (6).)
Columns 11 to 16.—From preceding columns.
column f7.—Va.hms of C==Ifrom (13)+(14) folIowing

equation (5).
Column 18.—Valw of C,d from (15)+(16) following

equation (6).
~ohmm 19.—VaIues of z from the airplane dramingj

upward coordinate of aerodynamic center of section.
May be obtained from airphme drawing after locating
the aerodynamic center of the tip and the center sec-
tions from table I. The corresponding aerodynamic-
cent-er positions for the intermediate sections may be
taken aIong the straight line joining these points except
for the rounded-tip sections.

Column f?O.-VahIes of x, backward coordinate of
aerodynamic center of section, obtained from the air-
phine drawing as with (19).

columns 91 to %j.—Prcducts from previous cohnnns.
These pitching-moment and loading rmilts are

plotted as in figures S and 9, and the areas measured to
kd MzJ(L Mxdls Z.llq, ~d XaJ~. From these values-— .
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the coordinates of the wing aerodynamic center are
found from equations (7) and (8).

–110.08
=–0.612 ft.‘=””-= 180.0

za.~.= ~~88–8.6 ft.
.

0 24 6 8 10 /2 14
y, ff.

Fmum8.–Plotnforthedetermhmtfonofthecompmeatsoftheaddftlonrd
Winspi- mommtiandthewfngnerodgrmmkcentar.

3.
QJ
t

o 24 6 8 [0 f2 14
y, ft.

FIGURI9.—DlsMbntlonof additionalz fmdz cam~onentsanddetsrulmtlon
otaddttfoneJvflngcomponents.

(hdcuMon of wing pitohing moment about aerody-
namic center ,—The next step is to carry out practically
the same procedure for the basic load distribution in
order to find the wing pitching moment about the aero-
dynamic center. The origin of coordinates is moved to

the aerodynamic center and another set of calculations
is made for the basic load distribution as indicated in
table V. The only difference worth noting are ho
dillerent values taken from the tables, values for the
basic load distribution L, from table III, and the method
of obtaining from these the cl~ values in M1o V. The

c10values follow from those in the second column taken
from table III, by multiplying by @/cb.

The term % takes into account the aerodynamic
twist of the wing, which is assumed to vary liuemly
along the spa-n. The twist e is measured with respect
to the zero lift directions for the center and tip sections,
beii positive when the effective incidence is washed in
from the center toward the tip. It is evident that tha
term % is a c1 difference between airfoil sections corre-
sponding to the center and tip sections when the section
anglw of attack have the same relation as in the wing.
In other words, % may be calculated as follows:

~4=[%(~—~b)l t* —[~o(a—aJla#tcr

This procedure is strictly correct theoretically only
when % does not vary along the span. When a.
varies, the bat practiced result is probably obtuined by
calcul@ng % as a Acl for an a nenr the wdue at which

the load distribution is desired.
The value of a may be taken as zero for the center

section and, because no geometrical twist is present,
the value of a at the tip is then also zero in this instrmco.

~0= (—%alo) ~i~—(—%ah)cm(d~

=[– (0.099) (–5.2)]–[– (0.095) (–8.0)]

=0.515–0.760=–0.245

Values of the factur ariS/cb am then obtftincd at
each station along the span by which the vfduos taken
from table ~ are multiplied to obtain thO Clb vahws.
From-the C,bvalues, the calculations proceed to the final
results, which are given in the last columns of tablo V.
These- results are plotted and the areas determined to
tid (A&&J.,., (M~Jq)..,., and (~f@c.c. IIS in figure

10. These values are added to obtain Me.,./q.

hl
~=0+4.84–113.36 =–108.5

!l

which, muMpIied by q, gives ill=.,., the required pitch-
ing moment of the wing about its aerodynamic centw.

Calculation of forces and moments in accelerated-
dight condition. —The exact prooedure to bo followcd
from this point on is dependent on the result desired.
If a result meeting arbitrary design requirements is
desired, the particular speci6ed procodure wiI1 be fol-
lowed, If, on the other hand, the most reliable actual
air loads for a given design condition aro desired,
another procedure may be advisable.

From the method of references 1 tmd 10, for emrnple,
the applied load factor nl is determined and tho wing
normal-force coefficient C’~l is taken as nls/q~ where _
s is the effective wing loading and w is the dynamio
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prwsure for the design speed. Corresponding values
of the chord-force co@mient c. are obtained as mom or
leas arbitrarily specified, and the pitching character-
istics of the wing are rather arbitrarily given by speci-
fying that the center-of-presure position be taken as
the most forward position for the wing between
CL= c~l and CL= C..a, unless &l exceeds c%=, b
which case a value taken from the extended center-of-
prsure curve is speci&d. After c= is calculated fmm
the spec&d C~l, the Iift-coeilicient distribution maybe

found by adding the basic and additiomd lift cot43i-
cients in accordance with the relation

C~=Cl*+CL@I

and including, when necessary, the tip corrections
given in appendix A. The corresponding specified
values of the center of pressure and of cc may then be
applied at each section and the forces and moments
resolved as desired for structural amdysis.

y, ti.

~“

8-

EIGFBI M.—Ho* forthe&terroIna&h&$mtheteomponentsoftM bnduwingpftch-

The foregoing procedure, however, will not be fol-
lowed in this example. Specified design ccmditions and
methods vary and, in many instmcw, it is believed
that designers will wish ta invcdgate loadings under
conditions other than those specified. The example
will therefore be carried through using the procedure

that may be qected to give the best approximation
to the actual air forces.

The ilrst step is to obtain the lift coefficient (?L’
corresponding to the steady-flight condition before
entry into the gust. For the prasent example, this
condition is represented by high-speed level flight.
The corresponding f5’L’ vahe is obtained from the
bakmce diagram for the airplane for this condition.

For the construction of the balance diagmq it is
necessq to how the angle of the flight path sc that
the direction of the weight vector may be determined.
A trial value of C~’ is tit taken, assuming a down tail

‘+F’ 0.530. The wing angle ofload of 30 pounds, ~=

attack as measured by a,, the angIe of attack referred
to the chord of the center section, may then be deter-
mined by the method indicated in @ure 11:

a,=:+(ah) ,+JE
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Taking @= O.096 as a mean value for the sections o,
the wing

0.096
a= O.999 57.3X0.096

1+ =5

=0.0711

The angle of zero Iift for the root section (ad, is taken

from table I. The twist e is az& or – 0.245/0.096=
—2.55°. The factor J from figure 11 is —0.408,
-Then

0.530
=— –8+ (–0.408) (–2.55)0.0711

=0.5°

As the incidence of the center section is 4°, the angle
of the thrust line with the horizontal is 0.5°—4.00=
–3.5°. The weight vector may therefore be drawn m
indicated in figure 1 and the pitching momenta may be
taken about the wing aerodynamic center to determine
the W load ~~. The dynamic pressure is

Q=;(0.002378) (95.3)2
&

=10.79 lb./sq, ft.

=–108.52X1O.79

=–1,171 lb.-ft.

Although for other purposes, such as balance calcula-
tions, a better moment analysis may be necessary, the
thrust moment in this case may be determined with
sufficient accuracy on the assumption that three-quar-
ters of the thrust is used in overcoming parasite drag,
which may be assumed to act approximately along the
thrust axis and therefore to contribute no moment
about the wing aerodynamic center. The thrust is

35X650X0.75=151 ~ lb
95.3 . .

Then writing the moment equation

(0.25 X151.5 X3.82) + (1,000 X0.82]–1,171–F,14 .62=0
l’,=– 14.3 lb.

The final value of the lift coefficient for steady flight
Cj’ may then be computsd

1,000 +14.3
CL’- 10.79X18O

=0.522

The new wing ~t coefficient C. after entry into the
gust is now determined from the slope m of the wing

lift curve and the gust velocity U

CL=C.’+m$

c&=0.522 +4,07#&.803

Aspect ratio,A

Campate W lift-curve 61OIMfrom theequntiom

m-f- ora-f- (m dem)

wherem,M&curveslope(per radfan).
m aeotfonffft-ourve do (p &gre-3),& degree).
2,%?& f%&#%
~,plan-formfao r.

WhanthaHft-cnrveafopafe mm@ tho foIlowbgapDxoxlmWaeqnnt[onsrmy b.
naed:

where WM,uft-OmVeslow * radtao for*of csfnwtmtto 6 wfth mundodtlm.

FmuEE 12.-Veluea off for mmmxUngthe IR-mrve sfcm.

where the value of m is found from figure 12 and table I.
The lift distribution is now determined by calcu-

lating the C,. values in table VI from

Clo=cib+cLC~l

where ct~ is taken from table V and ckl, from table W..
rhe calculations indicated in table VI proceed thcm to
the determination of chord and beam components from
>quations (18) and (19).

It will be noted that the steady-flight value of the
ydile-drag coefhcient c%’ has been used in the accel-
wated-flight condition. This procedure should be fol-
owed when a large forward-acting chord force is critical
‘or the structure.

The last three columns of trtble VI give the required
Ma on the air-force distribution as chord and beam
‘orces and pitching moments per running foot of span.
i order to complete the bahmce diagram, howover, tho
atd air forces and moments on the wing are required,
l?he pitching moment of the entire wing in this case is
ihe same as that previously found for the steady-flight
condition, because Ma.,./g has not changed.

=–108.5X10,79=–1, I7I lb.-ft.
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The total wing air-force component Z perpendicular
to the thmst Iine may be found with sufkient accuracy
from the Z.l/q vahe previously determined without the
necessity of resolring and mmming the section forces

=1.803 X18O.OX1O.79

=3,510 lb.

The tatal component X for the wing, however, should
be found by resolving the section forces along the z
direction and summin g to find the total force compo-
nent X. The values of c% and c%are taken from table

W and resolved by equation (15) to fmd the c. values
at the various sections aIong the span. In this example
a large forward-acting chord component is assumed to
be conservative so that the pro fle-drag coefficient c%

for the accelerated-flight condition is taken as equal to
that in the preceding steady-flight condition for the
determination of c,. These values are then multiplied
by c, pIotted as in @ure 13, and the mea determined
to give X. The result is

x =–42.2X1O.79=-455 lb.

o z 4
y, ?5’.

6 8 io f2 [4

FIQG3WKL-DhMbntlonofXvnent inti &x&leruted-flQhtuandltion.

lt wiU be noted that the preceding calculations of
the forces in the accderated-ilight condition have been
made on the basis that the dynamic pressure q remains
unaltered after encountering the gust. This condition
is possible when the gust has a d angIe with the
vertical, and the procedure is further justitled by the
fact that the gust velocities specified have been Iargely
determined on the basis of their effects on airp~anes as
indicakd by the aimple gost formula without taking
into account such changes of velocity. In some in-
stances, however, it maybe desired to take into account
the dynmniwpr-ure increase due to a gust, in which
case the gust veIocity should not be taken as nearly
vertical but may be taken at an angle with the hori-
zontal and the angle determin ed to give the masimum
load.

The t&d air forces and momenta are now lmon aud
may be applied at the aerodpmnic center of the wing
so that the balance diagram may be campleted for the
accderated-fl.ight condition, thus completing the solu-
tion with the exception of the determination of the air-

force distributions over the ribs.
Calculation of the air-force distribution over a rib,—

h order to complete the example, the rib distribution
will be determined for the central section of the wing.
Reference to table I will show the pressure-distribution
classification of the ~. S. L 35-A section to be EIO.
The additional pressure distribution is therefore found
from the CISSSE P=l distribution. Values of ~ti and
P.... are taken from &ure 6, and the additiomd pres-
sure distribution is then cahdated from equation (24)

P== P’l#yPa...

where Z=.O.is the distance of the section aerodynamic
center forward of the quarter-chord point, from table
1. The calculation maybe carried out in tabular form
as shown in table W1 -

The basic pressure distribution as given
of P3 is then found. From equation (26)

Pb= –c.=.,.Pbm+:Pti

by WlhlSS

The designation in table I of the basic pressure dis-
tribution for this airfoil section is indicated by the
number 10 following the E. The designation 10 indi-
cates that P~- is class 1 and PbGis oIasazero, that is, “
PO.=O. The basic pressures may then be computed
as indicated in table VIII, taking values of P* from
figure 7 and the value of the pitching-moment coefficient
c~=.~.from table I.

The zero Iift distribution given by values of PO is
then obtained by deducting a part of the P= distribu-
tion corresponding to C,b according to equation (25)

Po=Pb—cnbPa

The value of G, is obtained from equation (27)

cRb=— %(%),=+; (G)*

where the values of (GJ~~ and (c.)M axe given in figure 7,

for the various distributions. fi this case (cJb==6.30
and (h) ~= 0, hence

c,h=0.111X6.30+0

=0.699
and

Po=P,–0.699Pa

For the accelerated-flight condition, the pressure dis-
tribution as given by values of P is then found from

P= P()+GP=

where CSin this case is the same as the beam-component



370 ‘REPORT NO. 831-NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

coefficient cb and is taken from table ~ for the center
section,

P= PO+l.695pa

Finally, the actual pressure diilerencw y are obtained
by multiplying by the dynamic pressure, g= Io.79
pounds per square foot. These pressures, calculated
as indicated in table VIII and giving the linal rewdt,
are plotted in figure 14.

BIPLANE

The foIlowing example ia given to illustrate the appli-
cation of the method to biplane problems and also to
illustrate the alternative method of finding the force
distribution in a case where the empiricaI tip correc-
tions may be importazd. A simple biplane (fig. 15)

I
I ,! \
,I f ,:, t 1

1 ~-----------u~--------+’ I

1 *.——.—.—..— ._._ .—.
I i Q

FIGUBE16.-Bf@ine Mule for WsfJMve example.

has been chosen in order to avoid, as far as possible,
steps that hava already been ilhstrated in the example
for the general monoplane. The calculations are made
for an airplane having the foIlowing charactariatioa:
Wei@t---.------------.--- 1,036lb.
High speed----------------
Wing cel.luh

100 m. p. h. (q=25.6 lb./sq. ft.).

Upper: N. A. C. A. 2412 smtion, BPan30 ft., chord 4% ft.,
ar~ 185 aq. ft., no taper, no twist, no clihe&al, boldenoe

Loww: N. A. C. A. 2412 seation, span 22 ft., chord 4 ft.,
area (incIuding projection through fuselage) 88 eq. ft.

Distance from leading edge of upper mung to c. p. of tafl
yIane (~, 15 ft.

D~t;;~ from leading edge of upper wing b c. u. (r..,,),
. .

The objective of the calculations in this example is
tie solution of the form and moment distribution along
the upper wing in the 30-footiper-seccmd gust, corre-
sponding to design Condition I of reference 1. In
mder to make the example more illustrative, the wing
Mt coefficient for the init.ial condition of steady flight
k found from a balance computation, as in the mono-
plane example, but only the tail load is considered as an
?xtraneous force. Because the biplane has no aero-
dynamic center, an exact balance can bo obtained only
;hrough a process of trial and error; in tho examplo tho
:alculationa are not repeated to obtain the exact solu-
iion.

Lift coefficients of individual wings,-Tho following
iata are pertinent to the solution of tho lift distribution
Jetween the wings:

Effective stagger SObetween one-third-chord points
at zero lift, 1.67 ftv -

Overhang, ~=0.267.

so 1.67_ 040
~=~=0.8S9.

G—4””” Cu 4.5

~=~=1.125. ~=~=0,1065.
G 1,125

:=0.12.

With the foregoing data, the method of reference c
pields—

K,O= –0.0178

KI,=0.0123

K,a =–0.0274

K18=–0.0178

KI =KIO+KII+K]*+K13= –0.0507

FJi&=O.0951

K,,= O.0083

Km=0.0650

Ks =Fa.KM+&+Ka=0.1684

C~u=CL=+ (K1+W!LB} (28)

=1.168 cL~—0.0507

OLL=C.,– (K,+ K@L,) ~ (29)

=0.742 t7L~+0.0778

Wmg lift ooeflleient in steady flight (first trial),—
Neglecting tail load,

c’”= (S&Jq= (135$%25 .6=0”286



THE PREDICTION OF AIR FORCES AND THEIR DISTRIBUTION ON ~NGS 371

With this value of cLB’ the gmerd me~od Cm be

appLied to each wing for the lift coefEciemti derived
from equations (28) and (29) to fid the moment about
some arlitrary 1?axis and, from this result, the taiI load.
The simplicity of the bipkme celhde chosen permits,
however, a relatively simple solution of the moment.
Since the wings are rectangular and of ccmstant section,
the aerodynamic centers of each wing lie on the IOCUSof
the aerodynamic centers of the sections; the resultant
wing forces may therefore be considered to apply at

FmrrBE 16.-Skelekm d@ram d atdane for bkhne exnnmb?.

these centers. Reference to figure 16 indicates that the
moment about the axis O may be expressed as

ZU %+ZL ~L+~u+b~L+XL ~

=FJ+ TV %,.+ (K-KNL7 w

in whichs is now the stagger between the aerodynamic
centers of the individual wings, and (K1—Ku)&sq is
the moment correction to allow for the increments of
moment, which are not taken into account on the

. individual wings.
For the steady-fLight condition the resultant forces

at the aerodynamic centers of the individual wings are

z~’=~=u’ g &

=(1.1680.,–0.0507) X25.6X135

=1,o35 lb.

ZL’=OLL’ g &

= (0.742 CL,+0.0778) X25.6X88

=654 lb.

The forces Xu’ and XL’ are found by ~umms tion of

the force components along the span in accordance with
the generaI procedure desoribed in the report. For this
purpose the span distribution of c%’ (or cz’) has been

found accurding to the alternative method given in
appendix A, neglecting the tip corrections, which at low
Iift coefficient are very small.

X#=l.78 lb.

XL’=6.14 lb.

i%iu=~w%c~= –684 lb.-ft.

~.=(&&c@=-397 lb.-ft.

KI–KU=–0.0234

Vlth the foregoing data, and from the airplam

Imacteristica, F,=69 lb., acting downward. The
:orrected vslue of G&t is

vhich is the value taken for the initial steady-ff ight
:ondition prior to entry into the gust.

Wmg lift coefficient in accelerated flight.-The incre-
nent in lift coefficient due ta the gust is determined
‘mm the sIope m of the celhde Iift curve and the gust
~eIocity U. The sIope of the lift curve may be deter-

f.6

L2 -

Fz

A

/ ‘

.4 / /

0 .4 .8 L2 L6 2.0
wing G

.08

--— C>cutol-flp
F=

.W

o .6
k;iio,fip“L fo roof do%

1.0

Fmum 17.-Ocrmatfon factas for wing CL.

mined, as in the case of the monophme, from the
expression

57.3a0m=j
57.3aQ

1+x

(kb)’
For the biphme,jmay be taken as unity and A= ~

in which lfunk’s span factor k may be determined from
reference 11. In the present esampIe,

*= 57.3 XO.097
57.3 X0.097 =3.91

1+ (1.02 X30)A
135+88
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From this point, the distribution of forces and mo-
mente on the upper wing are to be determined by using
the method for finding the span load distribution given
in appendix A. The fit step is to find the lift co-
efficimt of the upper wing.

PeOrcent of&offecfe&tip disfa;m
o m

Aspect rot;o
o 4 5 6 7 8

g \
; /.2
~

\

.
.$
b
C .8~
o

$
/ I

~ .4

~

S (0)

D
/ ‘
.2 .4 .6 .8 /0

Rofio of tip to root chord

FIGURE18.—TIP cmectione.

1. From CLB and equation (28)

ULU=l.168X1.10–0 .0507=1.233

6

4

C*C

2

0
Di.?toncefrom csrtterIthc,fk

o 2 4 6 8 fO- 12 14

:4

C*C

‘.8
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Dis~nce :rom c$?ferli~ fi
o 2 /2 /4
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FIGURE19.—DMfbutfon of * and momenb on UPPH wing ef biplane.

2. k order to reduce” i?L~ to dow fOr h3 tip cor-
rection, F’l and Z’aare found from figure 17

FI=0.038

F,=l.06

F,xFS=O.040

The value of C~u used to enter the char~ iS (~bl~ Lx
and X)

(&H=I.233-0.040=1 .193

3. The aspect ratio of the upper wing is

(30)s–6.~7
135

4. The distribution of c~.l is found from table ~X/
which gives the distribution for aspect ratio 6. The
aspect ratio of the upper wing will be considered herein
w sufliciendy close to 6 to require no iutnrpo]ation.
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Vahms of Cbl are tabulated in cohmn 2 and vaIues of
C?.uRXcb, are tabulated in column 3 of tabIe XI.

5. Since there is no twist, the values of Clame zero.
6. The tip increments tme dekrmin ed km figure

18 and are tabulatsd in column 4 of tabIe XI.
7. The tip corrections are added to the vahms of

Chfl to obtain the fired c% VSIUSS tabulated in calumn
5 of table ~.

From this point the procedure follows the general
method of this report to find the values of c~ of coh.rn.n
14 and C# of COhlllMl17. The VFdlle.Sof AciOgiVHl in

table XI have been computed for the initial steady-
flight condition in accordance with the principIe of the
deIay in the growth of the bound~ Iayer in accelerated
flight. These values give the distribution required;
they are pIott~d in figure 19.

In order to find the moment distribution, the basic
section moment coefllcicmts sre tabtiated in cohunn 18,
and to these me added the increments due to t/Q and
the tip effect. The vahe of AcmO~ is found from the

(G)

A’-(+)=””’(+)=,
. =O.1XO.1O65=O.O11

These vahs me applied only along that portion of
the span of the wing which I& between the projected
tips of the lower wing, as indicated in column 19.

The tip-moment increments are found from figure 18
and me tabulated in column 20. The redtant dis-
tribution of Cw is given in cohmm 21, and the final

values of moment are tabulated in column 22 and
pIotted in figure 19.

hGLET MEXOEtIAL AERONAUTIC-ULLABORATORY,
ilTATroNu ihwrsorm COMMITTEE rori A2zR0NAumcs,

LANGLEYFIELD, VA., March 25, 19$S8.



APPENDIX A

DETERMINATION OF SPAN LOAD DISTRIBUTION FOR
SPECIAL CASES

The tables of span load ordinates (tables II and III)
referred to in the development of the method and used
in the monoplane example me, in general, suitable for
the determination of resultant wing forces and for the
determination of force distribution for s&ucturaI appli-
cations except in cases, such as some externally braced
wings, in which the tip loading has an important
influence. For such exceptsd cases empiricrd tip cor-
rections shouId be applied, in accordance with the
foIIowing procedure. Also, in cases in which the plan
form departs wideIy from the straight tapered shape or
in which there are &continuities in twist such as occur
with partial-span flaps, the span load distribution
shotid be determined hum the basic wing theory.
For such cases, the method discussed in reference 3 is
recommended.

The results from reference 4 are to be used. The
following procedure should be utilized for obtaining
the span Ioad distribution with special tip corrections:

1. From the conditions of the problem determine
374

0., based on the acstual wing area, for which the dis-
tribution is to be determined.

2. Find AO~(FlXF2) from figure 17, interpolating
when necessary. Subtract ACL from tho value of ~~
found from step (l).

3, Detemnine the geometric aspect rntio of the actunl
wiug.

4. From table IX find the Clcl distribution and mul-

tiply by the value from step (2).
5. Add to the distribution found in step (4) the C;h

distribution from table X, reduced or increased in
proportion to the actual twist.

6. Fjnd the tip corrections (Ac,,) from figure 18(a).

The affected distance is 40 percent of S/6. The tip
increment of iigure 18(a) are multiplied by both the
aspect-ratio and taper-ratio factors given in figure
18(c).

7. Add the Ack increments, corrected for aspect
ratio and taper, to the distribution of step (5).

8. Add to the section cm values the tip AcmOincrc-
menta from figure 18(b) corrected for aspect ratio and
taper ratio by the factors given in 18(c).

.



APPENDIX B

TABLE OF AIRFOIL CHARACTERISTICS (TABLE I)

A form of presentation of the airfoti characteristics
has been adopted that permits aII the characteristics
necessary for the solution of problems such as those
considered in this paper to be compactIy presented.
AII such characteristics for a ghen airfofl section me
presented by entries across a single line of a tabIe.
Characteristics are given in this form for certain well-
known and commonIy used airfoil sections in table I.
The information presented for each section is discussed
in the following paragraphs under subheadings corre-
sponding to the column headings in the table.

AirfoiI: The first cohmm of the tabIe gives the com-
monIy used designations of the airfoiI sections.

Reference: The second cohunn gives the reference
to an IS’.A. C. A. report or technical note (R or N}, in
which additional data for the section, including the
officicl table of ordinates, may be found.

CLASSIFICA’TIO~

Chord: The Iet ters in this column cIassify the air-
foiI sections with respect to the type of their chord.
The letter A designates a chord joining the extremitim
of the mean line, the h’. A. C. A. 2412, for example;
B desi=mates the chord as being tangent to the Iower
surface; and C designates an arbitrary chord from which
the section ordinatts are specified.

PD: The letters and numbers in column PD classify
the cirfoil section with respect to the character of the
pressure distribution about the section. The letter
refers to the character of the additional and the accom-
panying numbers to the character of the basic prwaure
distribution. The section of the present paper that
discusses Ioad distribution over an airfoil section,
figures 6 and 7 that give the various distributions for _
the airfoiI classes indicated, and the samp~e calcula-
tion of the pressure distribution about the LT. S. A.
364 section shouId be referred to for further detai[s.
The typical pressure distributions empIoyed are based
on Theodorsen’s method (reference 7) modified to
improve the agreement with experiment. The modi-
fied method and some experimental results may be
found in reference 12. NIOdata are available for chws
A &i.1’fOik.

t3E: The character of the scale effect as affecting the
maximum Iift coefficient is indicated by the classiilca-
tion in cahmm SE. The numbers and letters correspond
to the designations of the typical scale-effect curves
presented in @ure 20 except that no data are avaiIabIe
for cIass A airfoik. This information is necessary for
determinations of st.ding speeds. The Iteynokis I!Tum-
ber corresponding approximately to the shIIing speed
is first determined. Then from the curve of figure 20
corresponding to the designation in the SE column, the
increment ACkm corresponding to this Reynolds ~um-

Cx?o
Reynolds Nvmber

To obtain the s?ctlon mftrbnuu! Uft cdEcient nt tlw desiredEaYI.LOIdSKomber. W I ta the sti~-kt Mm t~
sFondsto the srde-efktdes@mtkma?t~drfofLFor tmx As AC,==-O.

fnm?ment indfcnted by the O- that CCXW,.

FIGUM 20.-ScsJMUect correctionsfor Czm=.

la9?’7~25 375
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ber is obtained. This increment is added to the stand-
ard testvalue of the maximum lift coefficient given in
table I b-obtain the maximum lift coefficient to be ex-
pectad for the particular air~oil section in flight at the
Reynolds Nwmber.comesponding to the staIIing speed.
Application of the section data to the prediction of the
C.m= of tapered wjngs may be found in reference 2.

This method for the prediction of maximum lift coef-
ficient in flight is based on scale@ect testi of a number
of related airfoils. The experimental data and a more
complete discussion of the subject may be found in
reference 13.

C.w: Under the heading 6’LM the airfoiI sections

are classified according h the character of the Iift-
curve peak. The airfoils are classified A, B, C, nnd D
in accordance with behavior in the neighborhood of
maximum Iift.

In type A the lift is more or less steady until it breaks
suddenly to a lower value without an tippreciable
change of angle of attack.

In type B the lift becomes so unsteady and erratic
as to preclude the taking of measurements for a range
of angles of attack beyond an angle referred to as that
of maximum lift,

In type C, before reaching the lift referred to as the
g‘maximum,” the lift breaks intermittently from a rather
dehite value to another rather definite but lower
value, and then returna to the higher value. & the
angle of attack is increased, the bredcs become more
frequent and of longer duration. The maximum lift
ia taken as the higher value occurring at an angle of
attack at which it is a maximum or beyond which the
higher value can no longer be determined with con-
fidence.

In type D the lift is reasonably steady in the neigh-
borhood of tho maximum or any breaks occurring me
small so that average values of the lift me measured
throughout the range and the lift coefficients are reprc-
sentid by a continuous curve in the n&@hborhood of
the maximum.

FUNDAMENTALSECTION CFIABACTERISTI@

Effective Reynolds Number: The values _ in this
cohnnn represent the values of the Reynolds Number
at which the section characteristics should be con-
sidered as applying to flight. The effective Reynolds
Number is obtained from the actual test Reynolds
Number by the application of a factor to allow for the
effects of turbulence present in the tunnel. The tur-
bulence factor 2.64 has been used for the variable-
density tunneI. Comparative tests (reference 14) indi-
cate that, at the ~ective Reynolds Number, maximum
lift results from the tunnel tend to agree with those in
fli@t.

Clm: This column gives the maximum lift coefficients

corrected to represent values for the airfoil sections.
a,O: In this column arc tabulated the anglm of zero

lift in degrees.

%: This column gives the slope (per degree) of the
curve of lift coefficientt ngainst section angle of attack,
thatis, the lift-curve slope for a section of a wing of
infinite span. The corresponding slopes for wings of
finite span me found from t.ho aOvalues by tho method
indicated in figure 12.

Cla,,: The optimum lift coetlcientj that h, the lift

coefficient corresponding to the minimum profile-drag
cotient for the section, appears in this column.
The profile-drag coefficient for the section at any lift
coefficient may be inferred approximately from CIOP,,

cd~mi,! and Chnz by the method indicated in figure 2.

c~O~in: The vahws in this column give the minimum

pro&drag coefficients. The values given, howe~er,
are not the ones read from the usual plots of proftlc-
drag coefficient made directIy from the test data. They
are corrected for the dif?ierent skin-friction coeIIcicnts
to be expected at the effective rather thim at the test
ReynoIds Number (see footnote on p. 21 of refcronce
13) and for support interference. The support-
intsrference correction, which gives an import~nt
reduction of drag for the thicker airfoils, wcs evaluatd
onIy recently and results published heretofore do not
include the correction. Furthermore, another smrdl
correction is applied to these data to mow for n tip
effect present in the tests of rectangular-tip airfoils. A
corresponding correction has been appIicd to certitin
other characteristics including a. and tho mnximum lift
coeilicient; other characteristics arc indkectly affcctcd.
A discussion of this subject mwy be found in refercnco
13. -

c~=.O.: The values in this column give the pitching-

moment coefficients referred to the aerod ynfimic center
of the section rather than to the usual quru%2r40rd
point. The aerodpamic center, by definition, is tho
point about which the pitching-moment coe5cient is
constant. Experiment al results indicate that, by the
use of an empirically derived nerodynnmic-center posi-
tion as suggested by Diehl, a constnnt pitching-morncnt
coe@cient cn~.~. may be specified for each section
that does not depart from the measured pitclling-
moment coefficients by more than the experimcmtal
error, over the range of lift coefficients between zero
hft and slightly below maximum lift,

a. c.: In these two coIumna the coordinates of the
~erodynrnnic center ahend of and above tho qunrLer-
~hord point are given in percentage of the chord.

DERIVED AND ADDITIONAL CHARACTERISTICS

clmaJc~mm: The values of this ratio me given because

the ratio has been employed ne n speed-rnnge index.
WictIy speaking, for this purposcj YAMS of cl= and

~%miashould not be tnken at the same valuo of t-he

Reynolds Number; but the method hns tho advantage
)f simplicity and is of some value in comparing airfoil
;ections.
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c. p. at ctw: Values are given in this column repre-

senting the center+ f-pressure position in percentage of
the chord behind the leading edge, or the forward end
of the chord. The dues me the measured -ralues.

Wing characteristics A= 6: Wing characteristics are
given for a wing of aspect ratio 6 having the given airfoil
section and for a modiiied rectangular pkm form with
rounded tips. (Tip length approximrde~y one chord.)
The vabs of mc represent. the slope of the curve of lift
coefficient ngainst angje of attack expressed as changes

in lift coefficient per radian. The values of c~mk
represent the minimum drag codoients for the wings.

—Data are given in three columns thatThickness,
refer to the airfofi section thickness at the indicated
representative stations. The thicknesses are measured
along perpendiculars to the chord and are expressed in
percentages of the chord.

Camber.—The camber ~~pressed in percentage of the
chord is represented by giving the maximum displace-
ment of the mean line from the straight line joining its
extremities.



SYMBOLS

BASICCONSIDERATIONS

S, wing men.
L, lift.
g, dynamic pressurq (1/2PW).
c, chord.
b, span,

~L=$J Wing lift coef%ci8nt.

di—? section lift coefficient.Cl=q&v
. .

czo, Bection lift coefficient fwtring perpendicukw to

locnl relative wind.

Subscripts:

a 1, refers to additional part of load distribution
for (?.= 1.

a.,refers to additiomd part of load distribution
for any CL.

b, refers to basic part of load distribution for
C.=o.

y, distance along lateral airplane axis.

GENERAL PROCEDURE

z, distance aIong longitudinal airplane axis.
z, distance along normal airplane axis.

x, .~,, z=,C,, x and z coordinates of wing aerodynamic
center.

L., additional lend parameter, Cblc:.

x’, z’, x and z coordinates with rwpect to a system
of nxes originating at the wing aerodynamic
center.

Lb, basic lend parameter, ct~~~”

X, Z, components of nir force in ‘the x and z direc-
tions.

c=, cc, section force. coafllcients.
M, wing pitching moment.

M=..., wing pitching moment about wing aero-
dynmnic center.

M,, part of wing moment due to section pitching
moments about their aerodynamic centers

ill=, M,, pints of wing moment due to X force and Z
force.

MT, wing pitching moment about torsional axis.
z~, z~, distances of the torsional axis below the chord

plane through the section aerodynamic
378

center and behind the beam phum through
the section aerodynamic center.

c~u.,., section pitching-moment coefficient about

section aerodynamic center.
c~O,section profile-drag coefficient acting pnmllcl

to local relative wind.
%, section lift-curw3 slope (per dogroo).

a 10,section anglo of a t.t.nck for zero lift.

i, incidence of section chord with re.spcct to z
ask.

cf, tip chord (for rounded tips, Cris the fictitious
chord obtained by extending leading nnd
trai~ing edges to the extreme tip).

c,, chord at center of wing or plane of symmetry.
A,
E,

CL’,

m,
mS,

%m*n?
c JoptY

V,
u,

?
“B,
c,

Cb, C<,

aspect ratio, bZ/S.
aerodynamic twist, rzssumed lincnr, and mcns-

ured as the angle between the zero lift
directions of the center and tip sections,
positive for washin,

wing lift coefficient for stmdy-flight wnditicm
preceding accelerated-flight condition.

slope of wing lift curve (per mdiau).
slope of lift curve for nonttipcred wing with

rounded tips and aspect rutio G (per radian).

minimum section profile-drag coefficicnb.

optimum section liit coefficient, lift cocficicnt

corresponding to c~O=t~.

flight velocity or air speed.
velocity of gust.
slope of wing lift curve (per ckgrco).
plan-form factor.
benm component of force.
chord component of force.
section coefficients of beum find chord com-

ponents.

(j=~b+

ih, incidence of section chord with respect to tho
perpendicular to the beam direction.

i,, incidence of section chord with respect LOtho
chord-truss direction.

CN, wing normal-force coefficient.
G, section normal-force coefficient.
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. .
x, z,

Kl, KZ,

G,
t,
8,

.90,

Myy,

“%($)J

Su’,

s=’,

cur,

cL’,

BIPLANES

distances detln.i.ng the locus of the aerodynamic

centers of the biplane celhde.
etc., DiehI’s biplane lift functions (references 5

and 6].

@P.
thickness of wing.
stagger, distance between aerodynamic cen-

ters of upper and lower wings measured
paralleI to z *.

stagger, distance between %-chord points of
upper and lower wings measured prmillel to
the zero-Lift direction.

net biplane pitching moment about arbitrary
y axis.

increment in section moment coefficient due

to bipIane parameter t/Q.
portion of upper wing area to which the t/Q

moment correction applies.
portion of Iovrer wing area to which the t/G

moment correction applies.
average chord of the portion of the upper wing

corresponding to Su’.
average chord of the portion of the Iovmr wing

corresponding tO &f.

Subscripts:
P, refers to upper wing.
L, refers to lower -wing.
~, refers to biplane.

LOAD DISTRISUTIOX OVER MEFOIL SECTIO?4

P, normal-pressure caeficicmt, p/g.
p, the pressure difference across the wing section

at any station aIong the chord.
PO, value of P for the pressure distribution at

zero lift.
P=, value of P for the additional part of the pres-

sure distribution when the additional sec-
tion lift coefficient is 1.

P*, +P=.,., components of P=. (See fig. 6 and

equation (24).)

~, distance in terms of chord of section aero-
dynamic center forward of quarter-chord
point. (See tabIe L)

Pb, value of P for the basic part of the pressure
distribution.

–Cm .. ..pbm. ~ Ph., components of Pp. (See ~. 7.)

$) camber ratio; distance, in terms of chord, of
the minimum height of the section mean line
abo~e the straight Iine joining its extremi-
ties. (See tabIe I.)

Cmh,section normaI-force coefficient corresponding

i% basic pressure distribution.

‘(c,),c, components of ~~. (See @. 7.)–Cm=.,.(%)hu, ~

SAMPLE CALCULATION

W, might of airpIane.
1’,, force on horizontal tail surfaces.

nl, applied wing load factor, basic design Condi-
tion I (a), reference 1.

s, eflective wtig loading, reference 1.

~, dynamic pressure corresponding to design
high speed.

CN,, wing normaI-force coefficient corresponding
to nl.

a,, wing angle of attack based on chord of central
section.

(a%),, angIe of zero lift of the central section.

~, parameter for dete rmining angle of zero lift of
twisted wing. (See fig. 11.)

c%’, section profile-drag coefficient for steady-
flight condition.

g’, dynamic pressure for steady-flight condition.

BIPLKNE

1, distance from y axis to c.p. of horizontal
surfaces.

F’l, F2, factors for reducing wing lift coefficient to
alIow for tip increment. (See @. 17.)

k, Ilunk’s span factor.
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TABLE I.—AIRFOIL SECTION CHARACTERISTICS 1

II I
Clasdketfon Fuudlumrltd SrmtfonObaractarfma IMrfved and addftlonaf chnracterfstke that maY be nsmi for

etrnotmralddgll -

-1.Ohord PD

a. e. (percent c
&ornCM Thkknesa (percent c) at— ~

%_

%dm

237
2s4

hi
224
m
229

%!
217
2m

E

z
277
m
262
244
ml
246
all!
231

z
214
E9

(d2.J%&I

0:&2

.Ofil

:&

%!
.096
.096
.W6
.094
.UN
.099
.0E3
.0s9

:R!
.Oca
.0!37
.004

:!%
.099
. ml

:F7
.092

‘LSI

0.7.2
.10
.07

.%

.16

.17

.c$

:Yl
.60
.33
.66

0
0
.12
.69
.14
,10
.06
.3!2
.16
.08

:$
.0s
.07

f%{.

tog

.lmo

. mm
,0061
.W6
.0070
.m66

:!%%
,0394
.Wm
.a176
.mm
.0060
,fn162

:$%
.m
.W76
.0072
.@3a3
moo
,ma
.m69
,m74
.06W1

0.66CAbme 0.16C

10.63
1261
lam
10.62
16.4a
12m
IL 26
10.62
10.29

It E
16.60
10.M
6.35

la eu
10.69

1;%
m 39
16.09
m n

i%
10.m
la 36
16,04
lam

(1)

o.m71
. !l176

;,:%%
.0076
.m76
.M76
.624UI

:&i%
.W76
.0304

:Mi
moo
.0062
.mecl
.Oonl
.fma
.W76
.f#n
.0367
.llM9
.Wecl
.WI17
.m74
.m

—l----
-0. Oe4
-. M9
-, C@4
-. W4
-.093
-. aw
-.076
-.027

-: E
-.073
–. lU
-.076
0
0

-.029
-.044
-, M2
-.040
-. ma
-. cm
–. 012
-.009
-, m9
-, W3
-. m
-, (KI6

—l—
Ohrk Y---------
Clark YM-16.- ---
g’;m~$---

. -----
Q8ttlngen 287.-_.
GtWngen 393..-..
?w!2---------
N. A. O. A. OYR.
N. A. C. A.-M6---
R. A. B. 18- .. . . .
17.S. A. 27______
U.S. A. 26-A____
U.S.A. 35-B____
N. A. O. A.(XW._
N. A. O. A. W12-_
N. A. O. A, 2WZ..
t4, A, CLA.2409..-
N.kO, k2412.-.
N. A, O. A. 2416...
N. A. O. A. XlB.-.
N, A, O. A,4412-..
N. A.O. A.23@36--
N. A, O. A.23066-.
r$f:.fao~-.

N: A: C: A: 22018::
N. A. O. A.236W.

1.6s
L m
1“60
L 74
1.70
1.69

:3
L 61
~~

;;

L66
L 72
L 02
L 72
;Lg

i 74
1.17
1.66
1.74

i!l
LtO

-6,0
-52
-h 1
-6.6
-& 6
-50
-h 4
-29

--i :
-4.7
-% o
-$2

-! 8
-L 7
-2.0
-1.7
-1.9
-40
-1.2
-L 1
-L2
-L 1
-1.2
-1.2

a20

$:
9:69
0,27
&36

HIJ

J 7J

7:64
4.13
a27
a25

%’
10.24
1289
6.B
4.13
6,21

Ii E
la 39
14,44

I IWmtlg drfofl &k fram the verlabkdmfty -1 luve Ma &rd I M sub
%?&softheaxarnpleofthkreporL‘dm cr@Mants in tha table and thrmeamwfrrefn prevlonspublkatlcru and ~tba m

oomc=atbnfm a@$mrt fnkrfermoe. ‘l%eaecerrmtbm ha7a been a@ed to the data fn table I, bencathe &el LoYbetwseutb

I

1



TABLE 11,—ADDITIONAL SI?AN LIFT IXSTRIB UTION DATA
VALUES OF La FOR ROUNDED-TIP WINGS

\
CJ

A o 0,1 0.2

I
0.8 0,4

I
0,6 0,13 a7 aa a9 1.0

6
0 I a 1 0.2 0.8 0.4 0.6 ae 0.7 0.8 0.9 Lo

‘~nwk ‘Wtionii-o
L 4rm L 267 L 2m L 816 L 201 1!ma
1.460 1.8.96 ~. 1.8n 1.204 L ma
1,462

?%
L 4(HI 1,820 1,au2 L 279

1.47a 1.414 l,ao9 1.92a
L 402 L 42$

1,301 L 272 tE
1.870 L36tl Lam

1,610 L 440 1,WI
L 227

Lam
L664

W
1,466

L 232
L 892 HH

L m
L 264 L 2m

L 47% 1.404 L 81M H# ;2# 1,222
L 67W L 4(UI L 4m L sol ;g L 219

L Im2 L 429 1,Ml
%

1,Ml L 214
1.613 L 433 1:am L2M 1,209
1,625 L 441 % l,m2 L203

:% 1,ml L 44Il Lam ‘ :%$ L2Kl L lW

L9@l
L m
L 242
1,m6
1.211
L m
L lua
L 1s7
1,W
L 172
L 106
1,160
L M2

7.m

?M
L ltk3
1.lo-a
L 149
L 136
L Ml
1010Q
L lcd
1,m
Lam
L 070 T

0:g 0,747
.7s2

.7Q6 ,S06

.* ,822
,WJ .62a
,s27 ,845
,W4 #w
.342 *3OY
,360 .877
,s63 ,6a7
,s62 ,594
!Sm ,901
,am ,W

0:747

,nM
,s24
,S61
.861
,872
,ss7
,3W
,011
,921
,030
,927

0:plJ

.Sa4

.S46

.M2
,am
,mb
,906
.919
.W
,944
.963
,W

2. . . . . . . . . . . . . . . . . L 489
8.- . . . . . . . . . . . . . L4S0
d. . . . . . . . . . . . . . . . . . 1,E27
6. . . . . . . . . . . . . . . . . 1,669
!9. . . . . . . . . . . . . . . . . . Lbab
7. . . . . . . . . . . . . . . . . . 1,00E
B.. . . . . . . . . . . . . . . . . L em
lo. . . . . . . . . . . . . . ..- L 061
la.. --.-...”... L lwa
14. . . . . . . . . . . . . . . . . 1,703
16. . . . . . . . . . . . . . . . . 1,7m
13”- . . . . . . . . . . . . . . 1.741
m. . . . . . . . . . . . . . . . . L 766

L m7
1.263

;:%
1.187
L 170
1.100
L 152
L 142
1,Ian
1!127
L 1L&
L 100

M&5 ~ %8

.ms ,644
,64s ,W
,ml ,619
,517 ,609
,604 :=
,400
,472 ,1170
.402 ,609
.46a ,mi
,41ml ,bbe
,444 ,64B

0,712
.7(m
,ml
,W+l
,07K
,670
.Ma
,663
.W
.041
,533
,666
,Om

0,746 0,746
.+7H .704
,704 ,781
,769 ,mo
.776 ,mo
,n8 ,m
.77?3 .m9
,732 ,816
.7W .W
;% ,am

.mo
,796 ,336
,301 ,W

o,‘7a 0:;41J
.724
.7m .740
.723 .74s
.717 .743
, 7U4 ,748
.710 . 74n
.704 ,748
.702 .740
,6BU ,74a
.Nr4 .748
.am .7m
,6W ,753

I I

Wnwbn station *-O, 9 ‘~nwb ‘ht’onii-o’9
0:g 0,Cao

,664
.690:RJ,018
,601

,626 ; ~a
,4s6
.abo ,079
,669 .6%3
,m4 ,n6
,Wa ,729
,710 ,748
,722 ,769T

lam L 248
i% 1,2al L 214
1,!400 ~~lu L1.ab
1,194 L 1($
L 184 L 169 L 161
1,174 1,167 1.W
L 103 L 143 1,129
1,163 L 187 1,114
1,143 L 124 L 102
1,144 L 119 1,094
1,la6 L]lo 1,0s7
~g 1,I@ 1,078

1.06% Lcw

0,026

;#

,631
,ban
, iW6
,641
,Ma
,Mb
,647
,bba
,mo

0.406 0,608
,447 ,Mo
,436 ,49n
.424 y;
,416
,410 .434
,4@2 ,481
,2M3 .472
,876 ,409
,a70 ,W
,802 ,dfm
,267 ,470
,aea ,472

2. . . . . . . . . . . . . . ----
3. . . . . . . . . . . . . . . . . .
4. . . . . . . . . . . . . . . . . .
5. . . . . . . . . . . . . . . . . .

k:::::::::::::::
H. . . . . . . . . ..”......
10. . . . . . . . . . . . . . . . .
M_. . . . . . . . . . . ...”
;; . . . . . . . . . . . . . . . .

. . . . . . . . . . . “.”. .
w.... . . . . . . . . . . . .
n . . . . . . . . . . . . . . . .

1.am L 3m
L 406 La46 ;fi
1.4s4 ].aw
1,469 N% L 3a4
1.4n 1,8W Lan
L 401 I, aOs 1.222
1,m L 401 Lm3
1,618 L 411 1,047
1,Em L 417 1,240
$b# 1423<m 1,ab4

L aba
1:629 ~:~2 1,369
L 647 * L Om

o,m 0,664
,640 ,m!a
.tm .mu
,E&l ,6s3
.666 .mb
,672 .em
,579 ,012
,690 ,bm
,697 ,m9
,602 ,Ms
.am ,669
,618 .66U
,625 ,679

0:~ 0:~

.bm ,am
,622 .@so
.646 ,662
.600 .071
,076 ,am
,399 .712
,71S ;;:
,739
.766 ,760
,na ,Wo
,ml .819

0,baQ
,67s
.609
.636
,069
.078
,am
. 7a3
, Ibl
.n6
,301
.am
.346

I I I 1

L 217
k::::::::::::::::: 1,2m
4. . . . . . . . . . . . . . . . . 1!m
5. . . . . . . . . . . . . . . . . .
n. . . . . . . . . . . . . . . . . . :%$

1,22!3
k:.:::::::::::: 1,2m
10...-....”.....”. L2m

L 22a
k:::::::::::::::: 1.22s
:..:..::.:...:... L 226

. . . .- . . . . . . . L ma
m. . . . . . . . . . . . . . . . . 1,228

l,lm
L 191
::%

i ma
L 190
1“192
L 102
L 192
L 191
L139
Llaa
L162

I

T
):mJ 0.591

.407
.4xl ,4%
.44b .449
,431 ,406
.464 ,4s1
,476 ,406
.406 .620
. bll ,642
,bm
. b4b :14%
,659 :=
,M9

1.16s
1,166
L 14b
L 183
1,Mb
L 116
L 110
1,m
LOW
1,ml
1,075
L Om
1,am

1“ma
1,164
L 146
L 184
L 126
~ ;~~

1:102
1.CQ4
L 097
L 031
L 076
L 071

1:~ 0:~

,191
,170 :E
,lm .am
.lbb ; 27:
, Ma
,IaB ,266
, lam ,254
,129 ,%52
,126 ,262
,122 ,abl
,121 ,,266

D,634 0,aba
,369 ,669
.642 ,876

.Ba4
:~6
,346 ,am

.292

,246 ,4rB
,846 ,410
.843 .410

,Ml
,a49

,4W4
,4m

.ab7 .4s9

.&% ,449

D.am
.Wll
.402
,416
.423
,4aa
.446
,400
,472
,462
;4~b

,b16

):p2 o,33a
,416
,440

:% ,400
,476 .4s2
,494 X&i
, b10
.56$ .662
.bau .bm
,59s ;%
. elo
.620 ;g
.643

), am o,am
,4~a
.444 :%’
,460 ,471
.490 .490
, b10 .616
. 6W .624
.666 . b7b
.bf% .603
,623 ,640
.abb ,on
boa ,7U2
.707 .mo

I

T
o:% am

,au :R
,ma ,286
.a44 .am
,359 :%
, a74
.4m ,415
.460 ,44a
.453 .47a
,469 ,b10
.618 .630
,M4 .670T

l% 6.X13
.27a
.ma:E 30.J

.272

.273 ,a20

.ma .aa
,296 ,243
,3c41 .am
,am ,276
,al
.346 ;~2
.663

D.ml
,2m
,a~9
.223
,ab7
.676
,WI
.4m
.W
.4W
.ma
.mo
.6M

.—

0:g

.078
,071
.CKM
,OJm
.abe
,Q47
,941
,827
,931
.926
.Om

L 010
1.m4
Lam
1:g

,s39
.W?a
.976
,972
.9W

:R
,960

0:p; a 17a
. llM

,107 , ma
,Om .160
.(B3 , Ma
,ml .163
.077

;%
%
,066 ,166
,064 , Ma
,022 ,169
.rhm ,171

D:~ 0:2Jf

.204
,am :%
,222 ,240
,242 ,abl
,am .262
,37a .am

,41a
:% ;=

,461 ,4Q2
.466 ,616

0:g

,am
:%

.631

.400

.4aa

.473
, b10
,640
,bm
. Ills

x ... . ---. ”......-.

a... . . . . . . . . .------
4. . . . . . . . . . ...” “.. .
b. . . . . . . . . . . . . . . . . .
0. . . . . . . . . . . . . . . . “.
7“...”....”. . . . . . . .
8. . . . . . . . . . . . . . . . . .
10.. ...”........”-.

j;::::::::::::::::
. . . . . . . . . . . . . . . . .

18.--.- . . . . . .
m. . . . . . . . ..”......

0,970
,960
.Ca2
,’am
.M9
.9m
.891
,m
,S7a
,tw
,w
.SbB
,661

0:%6

.943

:K%
,Wm
.916
,W7
,901
.aob

:%
.376

0,Em
,976
.W2
,Om
.949
,940
,93s
,929

:%
,912

:%?

1,012
1,011
1,m
L CK@

;g

.992
,m9

:@
,ml
,Q711

1
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TABLE IIL-BASIC SPAN LIFT DISTRIBUTION DATA

VALUES OF Lb FOR ROUNDED-TIP WINGS

\l
A: o 0.1 a2 0.8 0.4 as ae 0.7 0.8 0.0 10 0 0.1 aa 0.3 0.4 0.5 a6 0.7 0.8 0.9 Lo

Sram?isa station*.O

11~ 0:p?J

. lla .l!m

. 12a .186
.146

:% .166
.164

.100 .178

.170 .166

.18a .mo

.166 .Xk5

.197 .216

. xx .m

4. Ml
-.120
-.192
-.221
-,246
-, %2
-.266
-. MS
-.842
–. 864
-, 88U
-. m
-.411

-o. 1.7a
–. lm
-.197
-. ml
-,253
-.276
-. X@
-.222
-,860
-.870
-. m
-.406
-.417

4.122
:: :g

–. 220
-.266
-.270
-. !4ra
-. 82a
:. ~

–. 866
-. 4m
-.416

-ala
-.166
-.199
–. 226
-.252
-.224
-.291
–. 821
-.848
-. w
:: g

-.410

-( I.I.2I
-.164
-. m
-. !a6
-. %2
-.272
-, 2m
-. Sal
-,846
-.865
-. am
-. W@
-.404

-0.121
-.104
-. m
-.224
-.260
-.270
-. Z@
-.8L9
-.841
-.860
-.676
-, m
-.699

-a 121
-.168
-.197
-,224
-.247
-.266
-. 2s6
-.816
-. 8s7
-.866
-, m
-.860
-.802

-o. I!M
-.102
-. l!M
-. ml
-.244
-.264
-. %2
-. al
-.281
-.860
-,602
-.876
-. m

-_: g
-.124
-. m
-. 24a
-. ml
–. 279
-.606
-.82a
-,842
-.866
-.866
-.878

-y..
–. W2
–. 21a
-.242
-.263
-.276
-.299
-.317
-.834
-. 84s
-. 6e41
-. am

0.063
.102
.U3
.188
,152
; :fi

.lsa

.m

.210

.216

:%$

aom
.104
. 1%3
.146
. laa
.100
.lell
.196
.m
.216
.222
.mo
.M7

o.ces
.108
.123
.143
.160
.172
.182

:%
.Z21
.222

:E

CLLS.J

.L28

.147

. lea

.178
;%

.214

.M2

.232

.239

.242

0.0e8
.110
.180
.146
.162
.173
.lss

:E
.227
.ms
.242
,246

am
.110

:%
.lm
.174

%%
.21a
.223
.m
.248
.246

L----------
a----------
4----------
6..--__--..–-
&--. __..._ .
7__________
R_--_ -_. .

lo___________
12_+... +.+....
l&_-. -..4___
lo__________
lo.. -... ______
gal”____ . . .._.

__~pg
-. E3
-ml
–. 285
-.2593
–, 274
-.804
-, am
-. am
-,887
-.884
-. 0s9

0:&a

. lMI

. ma

. lla

. la
,12a
.126
.145

:Z
.101
.106

0.a
. 1U3
.180
.149
.164
.174
.Ia4
.201
.214
.225
.282
.242
.246

0.ml
.108
.IZQ
.149
,166
.176
,164
.1%
.210

:%
.22s
.247

Spimdm station $=0.2 Spallwlm station&.o. 9

0:O& 0.075
.Om

.118 .I!u

.131 . Im
,148 .164
. lm .167
, ml .172

.197
:E .210

.220
:E . al
;% .242

.248

-alms
-. MB
-. Ma
-. loa
–. lm
-.189
-.204
-.226
-. =7
-.246
-. 26a
-.222
-.270

~y7

:%
loo
.172

:E
.!223
.X2
.258
.%6
.279

I

-- plJ

-.187
-,166
-.176
-, Ku
-.206
-. m
-. 23s
-.246
-,266
-. 26a
-.272

-alw
–. na
-.127
-.168
-.176
-. Ml
-. m
-, w
-.226
-,246
-. 26a
-. 2M
-.272

-o. ma
-. m
-.187
-. M7
-.176
-. m
–, 206
-,226
-.287
-. 2A8
-.266
-. ma
-.272

%::::::::::::::::
L... __ . . . . . . . .
h_--. _A---
It” .. . . . . . -----
7__________
a---------------

lo.-. __-_ --”---
Al..._-_.._ . . .
Id__________
16------------
lo_________
m----------------

-a 076
-,0$6
-.117
-,131
-.145
-.153
-. la
-. 1s2
-.197
-. .2&3
-. 2L2
-.219
-, m

-a cm
-, K@
-.100
-,146
-.162
-.178
-.169
-,207
-, m
-. m4
-.242
-,247
-.246

-Loll
-.010
-. m
-. w
-.002
–. Om
o
.m7
,m
.018
.019
.022
.028

-- ~
-.166
-. lm
-. l’ia
-. Isa
-. m
-, m
-.229
-, X8
-. am
-. w
-. %30

-o. lam
-.112
-, w
-.lEa
-.176
-,192
-.204
-.224
-.240
-.242
-. %9
-, m
-,271

~. O&J

:: g

-.176
-.102
-.204
-. 22a
–, 269
-.246
-,267
-. Ma
-. n]

4.Q66
-. m
-. lar
-. m
-.176
-.192
-. ma
-.226
-.286
-,246
-, 2M
-, ma
-. m

4.064
-.110
-.186
-. m
-.172
-. WI
-. mt
-. 22a
-.287
-.249
-,2$8
-.264
-.272

aooa
.069
.074

:E
.Om

:%
. lal
.102
. m
,105
. m7

?O&

.CK@

.107

.117

.123

.131

: ?7
.166
.161
.160
,172

0.072
.m2
.111
.122
.186
.146
.168
.166
.178
.188
.197
.M2
.al

a 076
. ICm

:%?
, llnl
.171

:%
;&y

.241

%

0.075
. KKl
.123
.141
.100
. m

:%

:E
.249
.260
.248

0,076
.Ifm
.lm
. la
.100
.172
.ls4

:E.2!1

:%!
.27a

a 076
. Im
.126
,142
.100
.172
.152
,m
.229
.246
.%9

:E

0.076
, la)
.12.
.142
.160
.172
.187
.210
.mo

:%
.276
.236

Spanldm ,9W1O.U*go. 4 sp3nwk4 st6tioIJ&a 06

W&

.076

. Ml

.100

.116

.M6
, 18s
. 14a
.151
. m
.106
.172

a 069
.076
.092
.107
.119
,120
.14
.162
.166
.174
. WA
. 1Q4
.’xa

o.Om

%!
.110

:%
.146

:; I

I.lm
.Xm
.218
.2%

o.Oao
.CGo
.097
.112
.1%
.140
.162
.171
. 18s
.Z32
.218
.222
.2s2

o.m
:$j’
.lao
.144
.lss
.178
. Im
.211
.222
.23a
.24a

o.MO
.mo
,m
,114
.182
.146
.160
.Ma
:~

.229

.241

.261

z-----------
a-----------
4._. _.-.. . . . . . .
6-----------
0.- . . . . . ..-...-.
7___________

k:::::::::::::::
lz . . ----------
l.L__________
16-. -’... _...... -
lK-____.._”.
m------------ —.

-- o&

o

:!%!;p~
.021
.Om

:8!
.M4
.(M

<g
-. MO
-. an
-010
-. m
-.002
-. ml
o
.W
.Im4
.005

-o. Ola
-.016
-.012
-. 01!4
-.012

--: m$

-.016
-.018
-. Ols
–. Ols
-. m9

-0.016
-.016
-. Ols
-.020
-. m
-.020
-.021

-0,016

;~

-.024
–, 027
-. mo
-. m
-. ma
-.040
-. Ml
-, w
-. w

-- yEJ

-. ml
-,022
-. Oal
-.022
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TABLE 1~.—CALCULATION OF THE ADDITIONAL FORCES AND MOMENTS LEADING TO
THE DETERMINATION OF THE ‘WING AERODYNAMIC CENTER
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TABLE IV–A.—CALCULATION OF C. VALUES FOR
TABLE IV -
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TABLE V.—CALCULATION OF THE BASIC FORCES AND MOMENTS LEADING TO THE DETERMINATION OF
THE WING PITCHING MOMENT
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TABLE VL-CALCULATION OF THE CHORD AND BEAM COMPONENTS
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TABLE VIL-CALCULATION OF P.
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1$ u

z
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TABLE t7111.—CALCULATION OF PREXNJRE DISTRIBUTION
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TABLE 1X.—THEORETICAL DISTRIBUTION OF CM
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TABLE X.—THEORETICAL DISTRIBUTION OF or,

[skd@t ttw CL-& .=lOO; A=6i
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.8
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TABLE XL—COMPUTATION OF THE FORCE DISTRIBU!ITQN ON THE UPPER lVING OF BIPLANE
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0
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